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Abstract— The space-frequency coded orthogonal frequency-
division multiplexing (OFDM) system which concatenates space-
time block coding with trellis coded modulation can efficiently
achieve the full diversity provided by the fading channel. Based
on this approach, we propose two schemes of space-frequency
coded OFDM, in which large diversity can be obtained with low
trellis complexity. Consequently, our schemes can exploit the full
diversity order with lower trellis complexity than the original
scheme.
I. INTRODUCTION
Channel codes designed for multiple-antenna systems,
called space-time codes, have been proposed as one of the
most attractive techniques for high data-rate transmissions
in wireless communication systems. Most space-time coding
has focused on the narrowband flat fading where only space
diversity is available.
For broadband frequency selective fading channels, orthog-
onal frequency-division multiplexing (OFDM) technique has
emerged as a popular technique, since it can transform the
channel into a set of parallel correlated flat fading channels.
It is of interest to consider space-time codes for OFDM
systems to exploit both space and frequency diversity. Recently
in [1], concatenated space-time block coding (STBC) [2],[3]
with trellis coded modulation (TCM) is proposed for OFDM
systems, which can effectively achieve the full diversity order
provided by the channel. It is shown that for the system in [1],
the effective length Γ of the employed TCM must be larger
than or equal to 2L−1 for the full diversity, where L denotes
the number of frequency selectivity order.
Based on the system in [1], we propose two new schemes
to reduce the decoding complexity for the full diversity. The
first scheme changes the input sequence order of the STBC
encoder, so that the minimum effective length Γ of the TCM
required to achieve the full diversity is only L. The second
scheme applies the TCM proposed in [4], [5] to the first
scheme to obtain high effective length but low decoding
complexity. Simulation results are given to demonstrate the
excellent error performances of the proposed schemes.
II. SPACE-FREQUENCY CODED OFDM
The channel model and the space-frequency coded OFDM
system in [1] are illustrated in this section. Consider an
OFDM communication system with K subcarriers where the
transmitter is equipped with NT antennas and the receiver is
equipped with NR antennas. The fading channel is assumed to
be frequency selective and quasistatic which is constant during
one codeword and changes independently from one codeword
to another. Let ∆f denote the subcarrier spacing. The L-tap
channel impulse response between the i-th transmit antenna
and the j-th receive antenna is given by
hij(τ) =
L−1∑
=0
αij()δ(τ −Dts), (1)
where αij() is the complex path gain from transmit antenna
i to receive antenna j of the -th tap, ts = 1/K∆f is the
sampling interval of the OFDM system and D is an integer
which represents the -th path’s delay spread normalized by
ts. The length of cyclic prefix symbols should not be less than
DL−1 to avoid ISI. With proper cyclic prefix, perfect sample
timing and tolerable leakage, the channel frequency response
between the i-th transmit antenna and the j-th receive antenna
for the k-th subcarrier is given by
Hij(k) =
L−1∑
=0
hij()F kDK , (2)
where FK = exp(−j2π/K).
For a space-frequency coded OFDM system, the recon-
structed signal of the j-th receive antenna at the n-th symbol
period and the k-th subcarrier is given by
rj(n, k) =
NT∑
i=1
√
EsHij(k)bi(n, k) + ηj(n, k) (3)
where bi(n, k) denotes the transmitted symbol from the i-th
transmit antenna at the k-th subcarrier, ηj(n, k) denotes the
independent sample of zero-mean complex Gaussian noises
with variance N0/2 per dimension at the j-th receive antenna
for the k-th subcarrier, and Es denotes the transmitted symbol
energy.
The space-frequency coded OFDM system in [1] is a
concatenated scheme where the outer code is TCM and the
inner code is the STBC for NT transmit antennas and T
symbol periods. The block diagram is shown in Fig. 1. At
the k-th subcarrier, the transmitted signals of STBC can be
represented by T ×NT matrix B(k) of which the entry in row
n and column i is bi(n, k). For simplicity, the STBC considerd
in [1] as well as this letter is the STBC with NT = T = 2 in
[2]. Let C = ( c(0)c(1)c(2) · · · c(2K−2)c(2K−1) ) represent
the output codeword of the TCM encoder. The transmitted
signals B(k) at the k-th subcarrier is given by
B(k) =
[
c(2k) c(2k + 1)
−c∗(2k + 1) c∗(2k)
]
(4)
where * denotes complex conjugate.
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The receiver consists of a STBC decoder which generates
soft estimates of C, and a Viterbi decoder for TCM. If the
sequence C is transmitted, the upperbound of the pairwise
error probability for choosing E = ( e(0)e(1)e(2) · · · e(2K −
2)e(2K − 1) ) instead of C is derived in [1], which shows
that the diversity order is 2rNR where r denotes the rank of
Φ. The L× L matrix Φ is defined as
Φ =
K−1∑
k=0
FT (k)(FT (k))‡z(k) (5)
where z(k) =| c(2k)− e(2k) |2 + | c(2k + 1)− e(2k + 1) |2,
F(k) = (F kD0K F
kD1
K · · ·F kDL−1K ), T denotes transpose and ‡
denotes complex conjugate transpose.
Let Γ denote the effective length (time diversity) of the
TCM, which is the minimum number of different symbols
between any two different code sequences. The rank of Φ
cannot exceed the number of z(k) = 0, so r ≤ ⌈Γ2 ⌉ wherea denotes the smallest integer greater than or equal to a.
Since the maximum rank of Φ is L, the maximum achievable
diversity of the system in [1] for NT = 2 satisfies
Rmax = 2NR min
(⌈
Γ
2
⌉
, L
)
. (6)
Hence, to achieve the full diversity order, the effective length
of the TCM should satisfy Γ ≥ 2L− 1 at least.
III. TWO NEW SCHEMES
The first proposed scheme permutes the input sequence
order of the STBC encoder so that B(k) is given by
B(k) =
[
c(k) c(K + k)
−c∗(K + k) c∗(k)
]
. (7)
By this modification, the upperbound of the pairwise error
probability remains the same, but z(k) becomes z(k) =
|c(k)− e(k)|2 + |c(K + k)− e(K + k)|2 . Because Γ denotes
the minimum number of c(k) = 0, the minimum number of
z(k) = 0 is also Γ if K is not small. Hence, the maximum
achievable diversity order of this scheme is
Rmax = 2NR min (Γ, L) . (8)
Consequently, the effective length of the TCM must satisfy
Γ ≥ L to achieve the full diversity order. Note that this mod-
ification on B(k) does not increase the decoding complexity.
Compared with the scheme in [1], this scheme reduces the
requirement on Γ for the full diversity and therefore reduces
the trellis complexity.
It is known that bit-interleaved coded modulation (BICM)
[6] has larger time diversity than traditional TCM. For the
second scheme, we utilize TCM with a delay processor [4] [5],
which can be viewed as a special case of BICM, to construct
a space-time coded OFDM system with large diversity.
Consider a signal constellation Ω which has 2m signal
points and is partitioned into an m-level structure. Each signal
point ω(s˜) can be represented by m bits s˜ = (s1, s2, · · · , sm).
At the t-th time unit (t = 0, 1, 2, · · · , 2K − 1), the encoder
of a binary convolutional code produces m-bit output v˜(t) =
(v1(t), v2(t), · · · , vm(t)). Then, v˜(t) (t = 0, 1, 2, · · · , 2K−1)
are sent into a multilevel delay processor, which results in
s˜(t) = (s1(t), s2(t), · · · , sm(t)). The relation between vl(t)
and sl(t) is
sl(t) = vl(t− (m− l)λ mod 2K), l = 1, 2, · · · ,m (9)
where λ is the truncation length in decoding the convo-
lutional code. Finally, s˜(t) is fed into the signal mapper
to yield a signal point c(t) = ω(s˜(t)) in Ω. Let C =
( c(0)c(1)c(2) · · · c(2K − 2)c(2K − 1) ) represent the output
sequence of the signal mapper. The transmitted signals B(k)
at the k-th subcarrier is the same as (7). Note that this scheme
with λ = 0 is identical to our first scheme; however, if λ
is large enough, it can be shown that the effective length
of this scheme is equal to the free distance of the binary
convolutional code, denoted by dfree. Hence, the maximum
achievable diversity order satisfies
Rmax = 2NR min (dfree, L) . (10)
To avoid ambiguity, we still let Γ represent the effective length
with λ = 0. Because Γ ≤ dfree ≤ mΓ, this scheme generally
has larger diversity than our first scheme if L is not small.
The decoding of TCM with a dalay processor can be
accomplished by the Viterbi decoding of the binary convolu-
tional code, for which the branch metric of v˜(t) is calculated
according to the received signals of s˜(t), s˜(t + λ), · · · ,
s˜(t + (m− 1)λ) and the decision feedbacks [4], [5].
IV. SIMULATION RESULTS
The error performances of rate 2/3 8PSK codes including
the proposed schemes, the original scheme in [1], and the
bit-interleaved space-time coded OFDM in [7] are verified by
the simulations. In the simulations, we consider that OFDM
system with NT = 2, NR = 1, and delay profiles with equally-
spaced paths and a maximum delay spread 40µs. The available
bandwidth is 800 kHz which is divided into 128 subcarriers.
A cyclic prefix which is long enough is added to each frame
to avoid ISI. The TCM codes used in our first scheme and the
scheme of [1] are the TCM codes in [8] with Γ 2, 2, 3 for 4,
8, 16 states respectively. In our second scheme, hard-output
decoding with two iterations and λ = 10 is performed for
the 4-state convolutional code with dfree = 3 in [5]. Notice
that the decoding complexity is roughly similar to 8-state non-
iterative decoding. For the system of [7], we use the binary
convolutional codes with dfree = 3 in [9] and a 48×16 block
interleaver.
Fig. 2 shows the error performance for the channel with
L = 2. Our first scheme outperforms the original scheme for
either 4 states or 8 states, especially at high SNR. For 16
states, since the original scheme achieves the full diversity,
our first scheme has almost the same error performance as the
original scheme. For 4 states, the error performance of our
second scheme is slightly better than our first scheme, and
obviously better than the scheme in [7].
Fig. 3 and Fig. 4 illustrate the error performance for the
channel with L = 3 and L = 5 respectively. It is shown that
TCM 
Encoder
STBC 
Encoder IFFT
IFFT
FFT
FFT
STBC 
Combiner/Soft 
Decision 
Generator 
TCM 
Decoder
Information 
source
Decision
 Output



−
*
1
*
2
21
cc
cc
1c
2c
1r
2r
Fig. 1. Block diagram of the space-frequency coded OFDM system in [1]
for NT = NR = 2.
our schemes outperform the original scheme and the scheme
in [7] with the same decoding complexity. Because our second
scheme has large Euclidean distance [4], [5], which plays an
important role when the diversity is large, our second scheme
has an excellent error performance for L = 5.
V. CONCLUSIONS
The OFDM system concatenating STBC with TCM can
efficiently achieve the full diversity order. In this letter, we
have proposed two schemes to further enhance the error
performances of codes with low decoding complexity. Good
error performances of the proposed schemes have been verified
by simulation results.
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Fig. 2. Simulation results in a two-ray channel.
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Fig. 3. Simulation results in a three-path channel.
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Fig. 4. Simulation results in a five-path channel.
